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ABSTRACT 
An equivalent electrical circuit that describes the electrode processes on different electrolytes, using porous Pt elec- 
trodes, is given. Diffusional processes are important and have to be presented by Warburg components in the circuit. The 
overall electrode process is rate limited by diffusion of atomic oxygen on the electrode surface for stabilized zirconia nd 
substituted ceria (low Po0. On stabilized bismuth sesquioxide diffusion of atomic oxygen on the electrolyte surface is rate 
limiting at high Po2 while at low Poz another process, probably diffusion of electronic species in the electrolyte, is dominant. 
One of these processes plays a role too on substituted ceria at high Po~, where a charge transfer process is dominant. These 
results are consistent with the mechanisms developed in part I of this paper. 
in  part I of this paper (1) a d-c study was performed 
on solid electrolytes based on ZrO2, CeO.2, and Bi.~O3 
with plat inum electrodes. It was concluded that for 
ZrO2- and CeO2-based materials the oxygen atoms for 
the electrode process are mainly supplied by dissocia- 
tive adsorption of oxygen molecules at the Pt electrode, 
followed by transport o the reaction site where the 
charge transfer occurs. For Bi20~-based materials the 
dominant adsorption and diffusion steps (in the high 
Po~ and low temperature region) take place on the 
electrolyte. This different adsorption behavior is the 
origin of the lower electrode resistance of a Pt elec- 
trode on Bi~O3-based materials in comparison with 
that on ZrO~- and CeO2-based materials. Frequency 
dispersion analysis is a powerful tool for studying in 
detail the mechanism of the electrode process on these 
electrolytes (2-4). 
Various authors studied the frequency behavior of 
Pt electrodes on a solid electrolyte. Generally, for Pt-  
paste and Pt-sputtered electrodes on stabilized zir- 
conia the part of the frequency dispersion diagram 
which corresponds to the electrode process consists of 
a depressed semicircle (2, 5-9). This is interpreted in 
terms of a parallel combination of a resistance and a 
double layer capacity (2). A Warburg-type behavior, 
which is characteristic for diffusion limitation, is some- 
times observed at high temperatures and low oxygen 
partial pressures (5, 8, 10). For Pt-paste electrodes on 
substituted ceria Braunshtein et al. (11) found that 
the overall process consists of a parallel combination of
a resistance and a Warburg impedance. However, Wang 
and Nowick (12) observed for a Pt-paste electrode on 
substituted ceria a depressed semicircle, which inter- 
pretation is not very clear. The electrode process on 
(porous) Bi2Os was studied using Au-paste electrodes 
(13, 14). The experimental results are interpreted in 
terms of a parallel combination of a resistance and 
Warburg impedances. The Warburg impedances are 
correlated with diffusion on the oxide surface and on 
the metal surface (14). These data can hardly be used 
1Present address: Philips Research Laboratories, Eindhoven, 
The Netherlands. 
Key words: electrode resistance, solid electrolytes, oxygen 
transfer mechanism, complex impedance. 
for obtaining insight on the influence of the electrolyte 
on the electrode process because the measurements 
were performed under different experimental condi- 
tions and using different electrode morphologies, which 
are sometimes badly characterized. 
The object of this paper is to study in detail the 
mechanism of the electrode process on different elec- 
trolytes using frequency dispersion analysis and to 
support he models of the electrode process developed 
in part I of this study. With the frequency dispersion 
technique an equivalent electrical circuit of the elec- 
trode process can be achieved and resolved in its com- 
ponents and a further insight in the influence of the 
electrolyte on the electrode process can be obtained. 
The following systems were studied: 
(ZrO2) 0.sa (YO1.5)0.17 (ZY17), 
(CeO2) 0.90 (GdO1.5) 0.zo (CG10), 
(Bi208) z-~(Er~Os)x with x -- 0.20, 0.30, and 0.40 (BE20, 
BE30, and BE40). Electrodes with the same morphol- 
ogy were realized on these electrolytes and this mor- 
phology was preserved uring the subsequent experi- 
ments. The electrode preparation and characterization 
is thoroughly described in part I of this study. Experi- 
mental details concerning the preparation and charac- 
terization of electrolytes and the electrical measure- 
ments are given in Ref. (1). The procedure to deter- 
mine the individual components of the equivalent elec- 
trical circuit is described elsewhere (27). 
Theory 
In part I of this study it was concluded that the rate- 
l imiting step in the electrode process on ZY17, CG10 
(Po2 ~ Po2min'), BE20, BE30, and BE40 is mass trans- 
port of oxygen atoms. In this section the relevant 
theory for the frequency dispersion behavior of a mass 
transport controlled reaction is given. 
When a d-c current passes through the electrolyte 
the oxygen atoms for the electrode process are supplied 
or removed by diffusion of oxygen atoms on the elec- 
trode surface and/or  electrolyte surface. The oxygen 
atoms diffuse over a characteristic length ~ from x -~ 
8 to the triple line at x : 0, where the charge transfer 
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Fig. 1. Schematic picture of the diffusion process of oxygen 
atoms from x - -  8 to triple line T at x = 0. 
takes place. The situation is depicted in Fig. 1. At  
x ~ 5 the concentration of adsorbed oxygen atoms is 
constant. The production or removal of oxygen atoms 
is so small  that the equi l ibr ium concentration at x ~ 8 
is not changed during the experiments or for x ~ 8 
the exchange of oxygen molecules with the gas phase 
is large enough to keep the concentration of oxygen 
atoms at x ~ ~ constant. It is assumed that across the 
distance 8 the exchange of oxygen molecules with the 
gas phase has an ignorable effect on the concentration 
distr ibution in this area (8 is small in comparison with 
the size of the electrode particles).  
In the case that an a-c current passes the electrolyte 
the "penetrat ion depth" ~ of the concentration per-  
turbation, due to the production or removal  of oxygen 
atoms at the tr iple line, is given by ~/2Do/~, where Do 
is the diffusion coefficient of oxygen atoms and ~ is 
the frequency ~ = 2~:. For  ~. < ~ the diffusion process 
occurs in a semi-infinite medium. For  small frequencies 
the penetrat ion depth wil l  be l imited by hmax = 8. The 
calculation of the impedance of this diffusion process 
for a comparable situation is given by Broers (15) for 
an electrode in aqueous solutions and molten salts and 
is summarized below. 
The one-dimensional  diffusion equation is given by 
OaC o~C 
"0~ - -Do '~x  ~ [1] 
where hC = C(x, t) -- Co and Co is the equi l ibr ium 
concentration. The boundary conditions are given by 
~=~ AC=0 [2] 
x - -0  Do "~'x / ~=o "-n'-F" [31 
where n is the number of electrons involved in the 
electrode process. Assuming Nernst reversibi l i ty,  the 
solution of the diffusion Eq. [1] using the boundary 
conditions [2] and [3] and the addit ional condition 
IhCI << Co (which implies small  overvoltages),  is 
given by (14, 15) 
RT~ tanh [~(1 -t- J)] 
Z~ : n2F~C~Do X ~(1% j)  [4] 
where 
p = 5 [5] 
2Do 
A graphical  representat ion of [4] is given in Fig. 2a 
and the admittance diagram correlated with this pro-  
cess is given in Fig. 2b. 
If ~ ~ 3, i.e., the penetrat ion depth ~ is small  with 
respect o the length 8, the diffusion occurs in an effec- 
t ively semi-infinite medium and Eq. [4] is reduced to a 
classical V~arburg impedance 
1.C 
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Fig. 2. Hormalized impedance (A) and admittance (B) plots of 
the R-type Warburg impedance (Eq. [4]). [After (14, 15).] 
Zw = Kw,~-Y, x (1 - D [6] 
where 
RT 
Kw : [7] 
n2F2Cok/2Do 
Kw is called the Warburg constant. 
On the other hand, if ~ ~ 0.3, i.e., the penetrat ion 
depth is l imited by x -- 8, where hC -- 0, we find from 
[4] 
RT~ 
Z~ - [8] 
n~F2CoDo 
3RT I 
Z"/~ =, n2F2Co8 -" eLF [9] 
where  CLF  is the low frequency capacity. 
For the maximum value of the imaginary component 
of [4] ~ = 2/~/= (see Fig. 2a). Using Eq. [5] the mag-  
nitude of 8 /~/D can be calculated without knowledge 
of the electrode area and the value of Co and we find 
2Do 
where Wmax is the value of the frequency at the maxi-  
mum value of the imaginary component of [4]. 
At low frequencies this type of Warburg behavior 
is l ike a resistance and is called "R-type Warburg im- 
pedance" (14). 
Pt Electrodes on ZY I7  
Pt-sputtered electrodes.--In part  I it was shown 
that in the relat ion between the electrode resistance Re! 
and the oxygen part ia l  pressure a min imum in R~ ap-  
pears at Po~ = Po2 rain'. Above and below Po2 rain. the 
electrochemical characteristics of Rel are quite differ- 
ent. At 983 K Po2 rain. has a value os about 4.5 • 10-8 
atm Os. 
F igure 3 shows the complex impedance diagram at 
983 K of sputtered electrodes on ZY17 as a function of 
the oxygen part ia l  pressure. At  Po2 > Po2 rain" a single 
semicircle is observed (Fig. 3a). For Po2 ~ Po2 mi'" 
two overlapping semicircles a r t  observed (Fig. 3b and 
c), indicating that two processes (connected in series) 
p lay a role. For  Po~ < Po2 rain" (Fig. 3d) the frequency 
dispersion diagram is interpreted in terms of a dis- 
torted Warburg impedance. It is shown (27) that in-  
terpretat ion of Fig. 3d in terms of two strongly over-  
lapping semicircles is not correct. The development of 
the frequency dispersion diagrams as a function of the 
oxygen part ia l  pressure was quite reproducible (using 
porous sputtered electrodes). The total equivalent elec- 
tr ical circuit is given in Fig. 4a. Wa is connected with 
diffusion at the anode. General ly,  for Wa the condition 
~ 0.3 holds over the whole frequency range investi-  
gated and Wa is reduced to a resistance Ra (Eq. [8]). 
This is discussed below. Ra varies with P~+ v= 9 Wc is 
connected with diffusion at the cathode and Zwc (#'-> 0) 
Po~- '/=.This is discussed in the following. 
At Po2 > PC2 rain" the resistance R~ is large in com- 
parison with the resistance of the Warburg impedance 
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Fig. 3. The frequency dispersion diagrams of Pt-sputtered elec- 
trodes on ZY17at  2.! • 10 -1 atm 02 (a),4.5 • 10 -~ arm 02 
(b), 1.6 • 10 -~ atm 02 (c), end 9 • 10 -4  arm 02 (d). The 
temperature is 983 K. The frequency is given in Hz and is indicated 
by figures on the curves. 
Wc. Therefore in this region the equivalent circuit can 
be simplified to that shown in Fig. 4b and the frequency 
dispersion diagram is a semicircle, see Fig. 3a. The de- 
pression of the semicircle is independent of the oxygen 
partial Fressure and the temperature and has a value 
of about 10~ ~ The capacity CdI is independent of 
the oxygen partial pressure and the temperature (see 
Table I) and is therefore correlated with the double 
layer and has a va lue of about 2.8 F /m 2. From the fre- 
quency dispersion measurements i  follows that Ra ~-~ 
Po2+1/2 and Ea(Ra) has a value of about 250 kJ mol - I .  
This was already found in part I. 
In part I of this study Ra was correlated with diffu- 
sion from the reaction site to the desorption site at 
x -- 8 (anodic process) and it was derived that R~ ,-~ 
Po2+ V2 (8 ~-. 1). This result is supported by the experi- 
mental frequency dispersion diagram, which showed 
only resistive behavior in this case. The Warburg im- 
Rb R b 
o-,V%,-- 
c 
Rb R b 
R a 
Fig. 4. Equivalent electrical circuits for Pt electrodes on ZY17. 
(a) Complete circuit for Pt-sputtered electrodes, (b) circuit for Pt- 
sputtered electrodes in the region of Po2 > Po2 mi"', (c) circuit for 
Pt-sputtered electrodes in the region of Po2 < Po2 rain', (d) com- 
plete circuit for Pt-gauze electrodes. Rb, bulk resistance; Cal, 
double layer capacity; Wa, Warburg impedance at the anode; We 
Warburg impedance at the cathode; Ra, diffusion resistance at the 
anode (see text); Rag, diffusion resistance at the anode for gauze 
electrodes; Rcg, diffusion resistance at the cathode for gauze elec- 
trodes. 
pedance given by Eq. [4] is reduced to a resistance if 
the condition # -- 0.3 holds in the investigated fre- 
quency range. In our opinion this condition holds in- 
deed at 983 K but not at lower temperatures: At 923 K 
in air the high frequency part of the frequency disper- 
sion diagram deviates from a semicircle. The tangent 
of the high frequency part has an angle with the real 
axis of about 55 ~ whereas the semicircle is depressed 
with 10 o . This can be explained in the following way. 
At lower temperatures Do is smaller and therefore the 
condition # = 8 N/~/2Do --~ 0.3 does only hold at low 
frequencies. At high frequencies this condition does 
not hold and the impedance of the diffusion process 
does not correspond with a simple resistance and the 
observed deviation appears. 
At Po2 < Po2 rain' the resistance Ra is small in com- 
parison with the resistance of the Warburg  impedance 
Wc. Therefore, in this region the equivalent circuit 
can be simplified to that shown in Fig. 4c and the ex- 
perimental frequency dispersion diagram is shown in 
Fig. 3d. Figure 5 shows the complex impedance and 
admittance diagram at Po2 = 9 • 10 -4 a tm O~ after 
elimination of the bulk resistance and the double layer 
capacity from the circuit of Fi~. 4c. 
The diagrams shown in Fig. 5 have the same shape as 
those shown in Fig. 2a and b and axe therefore cor- 
related with a diffusion process. The experimentally 
found angle of the high frequency part of the diagrams 
with the real axis is 35~ ~ instead of the theoretical 
value of 45 ~ The frequency dispersion diagram in Po2 
= I•  10 -4 arm (not shown), after eliminating Rb and 
Cdt, has the same shape as that shown in Fig. 5. The 
values of Cdl and Kw are given in the Tables I and If, 
respectively. 
Table I. Double layer capacity and low frequency capacity measured for the different electrode/electrolyte combinations 
Double  layer capacity (F /m s) * 
Mate- Elec. T 1.00 0.60 0.21 0.I0 4.5 x 10 -2 1.6 • 10 -2 9 • I0 ~ 10 -~ 
r ial  t rade  (K) a tm atm atm atm atm atm atm arm 
ZY17 Pt  (sp) 1023 3.0 
983 2.0 2.8 2.9 2.8 4.1 3.9 1.8 1.5 
923 3.9 
Pt (g) 1023 10.9 • 10 -2 
983 5.3 • 10 -2 6.8 x 10-~ 6.4 • 10-~ 9.2 x 10 ~ 4.3 • 10 -s 7.3 x 10 -2 7.5 x 10-2 7.4 x i0--" 
923 5.5 • 10 -2 
CG10 Pt  (sp) 983 0.8 1.0 
BE30 Pt  (sp) 973 10.4 11.4 33.8 
BE40 Pt  (sp) 973 14.6 10.4 7.0 
Low f requency capacity (F /m 2) * 
ZY17 Pt  (sp) 983 34 22 15 13 
* The capacit ies are given per  unit  area of electrolyte and are not corrected for  the s ize at the actual e lectro lyte/e lectrode contact  
surface. The values in this table are g iven for  the two electrodes together .  
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Table II. Warburg constant for several systems as o function of the oxygen partial pressure 
81 
Temper- 
System ature 
Kw (~m" see-a/s) 
1 6 x 10-I 2.1 x i0-~ 9 x 10-1 i0-~ 
Electrode atm O~ atm Os atm O~ atm O2 atm 02 
ZY17 983 
CG10 983 
BE20 973 
823 
BE40 973 
823 
sp 
sp 1.2 x I0 -~ 1.2 X i0 -2 1.4 x I0 -2 
sp 4.9 x i0-4 
sp 9.5 x I0-4 
sp 3.6 x 10-4 
sp 8.8 x 10"4 
The low frequency resistance Zwo (o: -* 0) varies with 
Po2- '/~ and this agrees well with the results reported in 
part I, where it was concluded that the electrode re- 
sistance in this Po2 region was correlated with diffusion 
of atomic oxygen from the adsorption site to the re- 
action site (cathodic process) and it was derived that 
the electrode resistance varies with Po2 -1/~ (e << 1). 
For Po2 = Po2 rain" both Ra and Wr play a role. At low 
frequencies the frequency dispersion diagram is deter- 
mined by Wc whereas at high frequencies by R~ and 
Cd,, resulting in two overlapping semicircles. 
The existence of two series connected processes, as 
given in the equivalent circuit in Fig. 4a, was not recog- 
nized before in l iterature (6, 9, 16). 
Pt-gauze electrodes.~The complex impedance dia- 
gram for Pt-gauze electrodes on ZY17 consists of a de- 
pressed semicircle over the whole oxygen partial pres- 
sure range. The total equivalent electrical circuit is 
given in Fig. 4d with Rag ~ Po2 +'/2 and Rc g ~ Po2-V~. 
For Po~ > Po2 min' the total electrode resistance is de- 
termined by Ra g 9 Ra g shows the same Po2 dependence 
and the same value of Ea as Ra for sPuttered electrodes 
and is therefore correlated with the same process, i.e., 
diffusion l imitation at the anode. 
For Po2 < Po2 rain" the total electrode resistance is 
determined by Rc~. R~g has the same Po2 dependence as
Zwc (~ ~ 0) for sputtered electrodes and about the 
same value for the activation energy is found (see part 
I). Therefore, it is plausible that R~g represents the 
same process as We, i.e., diffusion at the cathode. Due to 
the difference in electrode morphology between a 
sputtered and a gauze electrode the condition # L 0.3 
holds for gauze electrodes (resulting in a depressed 
semicircle) to higher frequencies than for sputtered 
electrodes where a typical "Warburg-type behavior" is 
observed. 
We conclude that the mechanism of the electrode re- 
action for gauze and sputtered electrodes i the same. 
Dil]usion path.--The diffusion paths correlated with 
W~ and W~ (R~g and R~g, respectively, for gauze elec- 
trodes) are now discussed. The processes W~ and Wc are 
correlated with an R-type Warburg impedance and 
therefore the condition ,~C -~ 0 holds at x : 6. This 
condition holds for the situation depicted in Fig. 1, 
~ 2 i  ~ ZY17 4 
12 o 9 xlO ~ e lm % / ' i -  z~ 
o~'* ~ . i ~ I 
30 60 90 120 150 
Z' (~) 
Fig. 5. Complex impedance dia9ram and complex admittance 
diagram for Pt-sputtered electrodes on ZY17 at Po2 : 9 • 10 -4  
arm 02 (983 K) after elimination of Rb and Cdl. The frequency is 
given in Hz. 
2.5 x 10 -2 3.5 x I0 -~ 
2.0 x i0 -~ 2.3 • I0 -e 
where diffusion of atomic oxygen proceeds over a dis- 
tance ~ to the triple line. According to the preceding 
paper (part I) in the case of Pt electrodes on ZYI7 the 
diffusion process hould proceed on the Pt electrode. 
The investigated frequency range, for the diffusion 
process underlying Wa, holds that ~ ~ 0.3. Using ~ ---= 
I000, this condition is equivalent o 6/~/Do ~-~ 1.4 • 
10 -2 sec+ 1/2 (Eq. [5] ). Lewis and Gomer (17) measured 
the surface diffusion of oxygen on (100)- and ( i l l ) -  
oriented Pt field emitters for T > 500 K and for low 
surface coverages. In the absence of better information 
we used these data to calculate Do at 983 K and found 
a value of 1.2 X 10 -11 m2/sec. For the effective diffu- 
sion distance 5 a value of ~50 nm is calculated, which 
seems a reasonable value in view of the electrode mor- 
phology (particle size ~. 1000 nm).  
At Po2 < PO2 rain' a value of 6/%/Do can be calculated 
according to Eq. [10] using ~max. This value is esti- 
mated to be 0.58 and 1.16 sec+V~ at 9 • 10 -4 and 10 -4 
atm 02, respectively. Using the above-discussed value 
of Do ---- 1.2 X 10 -11 m2/sec (19), 6 is estimated to be 2 
and 4 ~m (at 9 • 10 -4 and 10 -4 arm O3, respectively. 
These 5-values are too large taking into account the 
morphology of the electrode. Although there is a large 
uncertainty in the value of Do, comparison of the 
6-values at high Po2 and at low Po2 suggest hat 8 de- 
creases with increasing Po2 (18, 21). 
According to Cahen (14) the condition ~C ---- 0 at 
x ---- 6 holds also for a diffusion path between the two 
electrodes and the diffusion proceeds then on the oxide 
grains between the electrodes. This model can be ap- 
plied for porous samples but is not very probable for 
our sample with a relative density of 99%. Further-  
more, for our samples this diffusion process hould pro- 
ceed via the grain boundaries, whereas it was shown in 
part I that grain boundaries in pure ZY17 do not play a 
role in the electrode process. Brai~nstein et al. (11) 
concluded that a Warburg behavior should result from 
diffusion on the electrolyte/electrode interface (from 
the triple l ine). However, the current distribution as- 
sumed in their very simplified model is in contradiction 
with the distribution calculated on the basis of a 
physically more reasonable model (24). Furthermore, 
a recent analysis of Broers (23) showed that if the cor- 
rect current distribution is taken into account, no War- 
burg behavior is found. Consequently, the electrolyte/ 
electrode interface is not the dominant diffusion path. 
Pt electrodes on CGIO.--The frequency dispersion 
diagrams and the equivalent electrical circuit for Pt 
electrodes on CG10 are briefly discussed. The Rel-Po2 
relation for Pt electrodes on CG10 shows at 983 K a 
min imum in Rel for Po2 ---- 1.6 ,~ 4.5 X 10 -2 arm O2 
(part I). For sputtered electrodes at Po~ > Po2 rain' the 
frequency dispersion diagram consists of a quarter cir- 
cle (comparable with Fig. 7a and b), at Po2 ~ Po2 rain" 
of two overlapping semicircles (comparable with Fig. 
3b and c) and at Po2 < Po2 rain' of a distorted Warburg 
impedance (comparable with Fig. 3d). The total equiv- 
alent electrical circuit for sputtered electrodes i given 
in Fig. 6a. Experimental ly Rot is found to vary with 
Po2 +'/4 and Zwc (oJ --> 0) with Po2 -'/~. This is in a good 
agreement with the results of the d-c measurements, 
where Rct was interpreted as a charge transfer esist- 
ance and Zwr (o, --> 0) as a diffusion resistance at the 
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Fig. 6. Equivalent electrical circuit for Pt electrodes on CGIO. 
(a) Complete circuit for Pt-sputtered electrodes, (b) circuit for Pt- 
sputtered electrodes in the region of Po2 > Po~ ~m', (c) circuit for 
Pt-sputtered electrodes in the region of Po2 < Po2 rain', Re~:, charge 
transfer resistance; W*, Warburg impedance. The meaning of the 
other symbols is given in the caption of Fig. 4. 
cathode (part  I).  The equivalent circuit is now dis- 
cussed. 
At Po2 > Po2 mira, Rct is large in comparison with the 
impedance of Wc and the circuit is reduced to that 
shown in Fig. 6b; the impedance diagram consists of a 
quarter circle. (The influence of Cdl is only measurable 
at Po2 -~ Po2 min'. W* is semi-infinite over the frequency 
range measured and the Kw-value is given in Table II. 
At Po~ ~ Po2 rain" the frequency dispersion diagram is 
determined at low frequencies by W~ and at high fre- 
quencies by Rct, W*, and Cdl and this results in two 
overlapping semicircles. 
At Po2 < Po2 rain', Rct is small  compared with Wc and 
the circuit is reduced to that shown in Fig. 6c and 
results in a Warburg- type behavior. The values of 
Kwc are summarized in Table II. 
For Pt-gauze electrodes on CG10 the electrical equiv- 
alent circuit is also given by Fig. 6 and is discussed 
further elsewhere (25). 
The Po~ dependence and activation energy of Zwc 
(~ -> 0) of Pt  electrodes on CG10 is similar with that 
of Pt electrodes on ZY17. Furthermore for K,~ the 
same value is found as on ZY17 (see Table I I ) .  There- 
fore we conclude that, s imilar to Pt  electrodes on ZY17, 
Wc is correlated with diffusion on the Pt electrode. 
At high Po2 an addit ional Warburg impedance W* 
was measured, which is paral le l  to Rct. This impedance 
was not found for Pt  electrodes on ZY17. This War -  
burg impedance W* may be correlated with diffusion 
of atomic oxygen on the electrolyte or diffusion of elec- 
tronic charge carriers through the electrolyte (which 
probably  plays a role for Pt  electrodes on stabil ized 
Bi20~, see below).  More study is necessary to elucidate 
the origin of W*. 
Pt Electrodes on BE20, BE30, and BE40 
Pt-sputtered electrodes.--Figure 7 shows the com- 
plex impedance behavior for Pt -sputtered electrodes 
on BE20 as a function of the oxygen part ia l  pressure. 
The complete quivalent electrical circuit for sputtered 
electrodes on BE20, BE30, and BE40 is shown in Fig. 
8a and is discussed. The double layer capacities were 
determined with the method described in Ref. (25) 
and its numerical  values are summarized in Table t. 
For  BE2O the double layer capacity (in comparison 
with R and W) was too small  to be measured. The 
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Fig. 7. Complex impedance diagrams for Pt-sputtered electrodes 
on BE2Oat ! a tmO2(a) , l  X 10 -~ atmO~(b),and 1.2 • 10 -~ 
arm 02 (c). The temperature is 973 K. In the impedance diagram 
shown in (c) the drawn line gives the theoretical plot for R-type 
Warburg behaviar according to Eq. [4]. In (c) the admittance dia- 
gram is also given. The frequency is given in Hz. 
double layer capacities measured for BE30 and BE40 
are in good agreement with the values measured by 
Harwig (13) and Cahen (14) for gold-paste lectrodes 
on pure Bi20~ and are higher than found in this study 
for ZrO2- and CeO2-based materials. Consequently, 
the magnitude of Cdl is dominated by a process con- 
nected with the electrolyte. 
At oxygen part ia l  pressures in the range of 1-10 -2 
arm 02 a perfect quarter circle is observed (Fig. 7a 
and b),  representing a paral le l  combination of a re- 
sistance K and a Warburg impedance W. In the mea-  
sured frequency range (10L10 -'2 Hz) the Warburg 
process is semi-infinite, i.e., ~ ----- 3. Therefore, in this 
range the d-c resistance of the paral le l  R-W combina- 
tion is determined by R because Zw (~ -> 0) is much 
larger than R. From the a-c study it follows that R ,-~ 
P02-v= and this is in a good agreement with the results 
of the d-c study (part I ) ,  where it was found addi-  
t ional ly that Ea(R) ~ 125 k.J mo1-1. 
At lower oxygen part ia l  pressures (< ~-2 arm O2) 
deviations appear at the low frequency part. These 
a 
b 
Fig. 8. (a) Complete equivalent electrical circuit for Pt elec- 
trodes on Bi20~-based materials, (b) equivalent electrical circuit 
at low Po2. R, diffusion resistance; W, Warburg impedance. The 
meaning of the other symbols is given in the caption of Fig. 4. 
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deviations are due to the fact that under these cir- 
cumstances the Warburg impedance is no longer semi- 
infinite. At  Po2 --  1.2 X 10 -5 arm O~. the electrode 
process is ful ly determined by the w arburg impedance, 
as shown in Fig. 7c and the equivalent circuit is re-  
duced to that shown in Fig. 8b. In this range the d-c 
resistance is determined by Zw (~ --> 0), which is 
characterized by an activation energy of about 50-90 
k J  mol -* (part  I ) .  
The value of the Warburg constant is not strongly 
dependent on the erbium concentration (27). Kw -1 
varies with about Po~/4 and has an activation energy 
of about 35 k J  mo1-1 (25). 
Sputtered gold electrodes were not studied in de- 
tail. Frequency dispersion measurements showed that 
the equivalent electrical circuit is also given by Fig. 
8a. At  high oxygen part ia l  pressures the impedance of 
the paral le l  R-W combination is determined by R. In 
part  I it was shown that the Ea and Po2 dependence 
of R for gold electrodes was the same as for p lat inum 
electrodes, which points to processes connected omi- 
nant ly  with the electrolyte. 
These results support he conclusion of the preceding 
paper (part  I) that R originates from diffusion of 
atomic oxygen on the oxide at the cathode [#(oxide) 
<< 1]. 
Pt-gauze electrodes.--Figure 9a shows the complex 
impedance behavior for a Pt-gauze electrode on BE20 
in oxygen and Fig. 9b shows the admittance behavior 
after el iminating the bulk resistance. The complete 
equivalent electr ical circuit is given in Fig. 8a. The 
diagrams shown in Fig. 9 are representat ive of the 
diagrams in the oxygen part ia l  pressure range of 1- 
t0 -5 atm O~ and the shape is not influenced by the 
Er~Oa content. 
The solid line in Fig. 9a gives the theoretical plot of 
the Warburg impedance. The deviation of the exper i -  
mental  data from this theoretical plot is caused by 
the resistance paral le l  to the Warburg impedance. The 
Warburg impedance is not semi-infinite and therefore 
the d-c resistance of the paral lel  R-W combination is 
determined by both R and W. As a consequence the 
exper imental ly  found activation energy and Poe de- 
pendence is not characterist ic for one process but is 
a combination of that belonging to lY and W. Fitt ing 
procedures are necessary to separate the contribution 
of these components. 
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Fig. 9. (a) Complex impedance diagram for a Pt-gauze electrode 
on BE20 in oxygen at ]OlO K. The solid line gives the theoretical 
plot for an R-type Warburg impedance after Eq. [4]. (b) Complex 
admittance p|ot after elimination of the bulk resistance. The fre- 
quency is given in Hz. 
In our opinion, R varies with Po2-Vg and Zw (~ --> 0) 
varies with Po2-1/4-2 At  high Po2 the --Vz power wil l  
dominate whereas at low Po2 the -- 1/4 power wil l  domi-  
nate. This interpretat ion is in a good agreement with 
the exper imental  data (see Fig. 7b from part  I) and 
is confirmed by the good agreement of Ea(sp) and 
Ea(g) in the different regions (Table III, part  I) .  
This is also supported by the Po2 dependence of Kw. 
For gauze electrodes we found that Kw -1 ~ Po2 I/4 
(27). By comparing Eq. [7] and [8] we conclude that 
Zw (~--> 0) also varies with Po2 -1/4. 
We conclude that the mechanisms of the electrode 
reaction for gauze and sputtered electrodes on Bi~Os- 
Er2Os is the same whereas the actual contribution of 
the different processes is influenced by the morphology 
of the electrode. 
Di]]usion path.--The resistance R in the equivalent 
electrical circuit shown in Fig. 8a is connected with 
the electrolyte. The conclusion drawn in part  I, that 
R is a diffusion resistance of atomic oxygen on the 
oxide surface, could not be expl ic it ly proved by fre- 
quency dispersion. As discussed above the impedance 
of a diffusion process reduces to a resistive behavior 
for # --~ 0.3. 
The Warburg impedance W cannot be correlated 
with diffusion of adsorbed oxygen atoms on the Pt  
surface because according to Eq. [7] we should have 
to find Kw -1 ,~ Poe 1/~. Furthermore,  if W is correlated 
with diffusion of oxygen atoms on the Pt  surface the 
value of Kw should be independent of the electrolyte. 
However ,at 10 -4 arm O~ (973 K) Kw has a value of 
2.4 • 10 -3 am s sec -~/g for BE20 and this is about 10 
times lower than for ZY17 and CG10 (see Table I I ) .  
We can conclude that the Warburg impedance W does 
not find its origin in diffusion of oxygen atoms on 
surfaces. The power V4 suggests that hole conduction 
plays a role. It  may be that transport  of holes from 
the electrode to electrolyte/gas interface is rate de- 
termining and that on this interface the charge transfer 
takes plac%according to
Oads f:;  02 -  -~- 2h + [ 11 ] 
where h denotes a hole and Ch ,~ Po2 V4. 
According to Eq. [7] and [8], Ea(Zw (w -~ 0)) are 
given by Ea(Ch) n u ~AHDh and Ea(Ch) + A[-/Dh, re- 
spectively, with Ea(Ch) the formation enthalpy of free 
holes and AHDh the diffusion enthalpy for holes. From 
the experimental data for Ea(Kw) and Ea(Zw (~ -> 0) ) 
it follows that Ea(Ch) is small and we find for AHDh a 
value of about 80 kJ mol-*. This value is, however, 
lower than the activation energy measured for the 
hole conductivity of stabilized Bi2.O3, which should 
have a value of 106 kJ tool -I (24). 
More study is necessary to elucidate the origin of 
Warburg impedance W. Up to this moment it is clear 
that W is typical ly  for Bi203-based solid electrolytes 
and is not found for zirconia. In cer ia-based electro- 
lytes a Warburg component may play some role at 
high Po~. 
Conclusions 
1. The diffusion path which actual ly occurs in the 
electrode process on Pt /sol id electrolyte combination 
is strongly influenced by the type of solid electrolyte. 
2. For  Pt electrodes on ZY17 frequency dispersion 
measurements showed that the rate- l imit ing steps are 
diffusion processes that are connected in series. At 
Po2 > Po2 rain" (9 ~ 1) diffusion of atomic oxygen at 
the anode (Wa) is rate determining and at Poe < 
Po2 rain. (8 <~.. 1) diffusion of atomic oxygen at the 
cathode (Wc) is rate determining. In part  I it was con- 
cluded that these diffusion steps occur on the electrode 
surface. This study showed that diffusion on the elec- 
trolyte surface and through the electrolyte plays no 
significant role. 
2 Simulation shows that  using a paral lel  combinat ion of a -V2 
and -*/4 power  yields a -% power  over 5 decades, 
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3. For Pt  electrodes on CG10 frequency dispersion 
measurements showed that at Po2 ~ Po2 min" (8 ~ 1) 
the electrode process is determined bY diffusion at 
the cathode (Wc). This diffusion process shows the 
same characteristics as for Pt electrodes on ZY17. 
Therefore it was concluded that this diffusion process 
occurs on the electrode too. At Po2 > Po2 min' the elec- 
trode: process is determined by a resistance, which is 
correlated with a charge transfer process (Rct). Paral -  
lel to this resistance is a Warburg impedance, which is 
proposed to be correlated with the electrolyte: diffu- 
sion of oxygen atoms on the oxide surface or electronic 
conductivity through the electrolyte. 
4. For  Pt electrodes on BE20, BE30, and BE40 fre- 
quency dispersion measurements howed that two 
processes play a role, a resistance R and a Warburg 
impedance W which are connected parallel.  From a 
comparison with other electrolyte-electrode combina- 
tions it is concluded that R is correlated with diffusion 
of atomic oxygen on the electrolyte surface at the 
cathode. The Warburg impedance is typical ly for 
Bi2Oz-based materials and it is suggested that elec- 
tronic charge carri#rs in the electrolyte are the dif- 
fusing species in this process. 
At  high Poe the d-c resistance of the electrode pro- 
cess is determined by the resistance R (diffusion on 
the electrolyte) and a low Poe by the Warburg im- 
pedance (diffusion through the electrolyte).  
5. The magnitude of the double layer capacities Cdl 
are dependent on the nature of the solid electrolyte. 
For the BieO3-based materials they reach the very 
large value of about 15 F /m e for sputtered electrodes, 
whereas for substituted zirconia or ceria values of 
about 1-3 F /m 2 are found. 
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